Rhesus monkeys provide a valuable model for studying the neurobiological basis of cognitive aging, because they are vulnerable to age-related memory decline in a manner similar to humans. In this study, young and aged monkeys were first tested on a well characterized recognition memory test (delayed nonmatching-to-sample; DNMS). Then, electron microscopic immunocytochemistry was performed to determine the subcellular localization of two proteins in the hippocampal dentate gyrus (DG): the GluA2 subunit of the glutamate AMPA receptor and the atypical protein kinase C isoform (PKM). PKM promotes memory storage by regulating GluA2-containing AMPA receptor trafficking. Thus, we examined whether the distribution of GluA2 and PKM is altered with aging in DG axospinous synapses and whether it is coupled with memory deficits. Monkeys with faster DNMS task acquisition and more accurate recognition memory exhibited higher proportions of dendritic spines coexpressing GluA2 and PKM. These double-labeled spines had larger synapses, as measured by postsynaptic density area, than single-labeled and unlabeled spines. Within this population of doublelabeled spines, aged monkeys compared with young expressed a lower density of synaptic GluA2 immunogold labeling, which correlated with lower recognition accuracy. Additionally, higher density of synaptic PKM labeling in double-labeled spines correlated with both faster task acquisition and better retention. Together, these findings suggest that age-related impairment in maintenance of GluA2 at the synapse in the primate hippocampus is coupled with memory deficits.
Introduction
Memory loss due to advanced age or Alzheimer's disease has been attributed, in part, to alterations in the perforant path projection from the entorhinal cortex to the dentate gyrus (DG) of the hippocampus (Flood et al., 1987; Cabalka et al., 1992; Small et al., 2004; Yassa et al., 2010) . Rhesus monkeys provide a valuable model for studying the neurobiological basis of cognitive aging, because their cognitive status can be assessed using a well characterized battery of neuropsychological tests, including the delayed nonmatching-to-sample (DNMS) test of recognition memory (Presty et al., 1987; Moss et al., 1988; Rapp and Amaral, 1991) . In these same monkeys, structural and molecular profiles can be examined to explore which measures are altered with aging, and specifically in association with cognitive decline.
While DG volume, granule cell number, overall synapse density, and synapse size remain stable in aged monkeys (Keuker et al., 2003; Calhoun et al., 2004; Shamy et al., 2006; Hara et al., 2012) , we have previously highlighted the significance of perforated synapses for normal memory (Hara et al., 2012) , and reported age-related increases in nonsynaptic boutons which were coupled with recognition memory deficits (Hara et al., 2011a) . However, the molecular makeup of DG synapses has received little attention in the context of normal aging and memory decline in this nonhuman primate model.
Glutamate AMPA receptors are highly mobile proteins that undergo dynamic trafficking into and out of the synapse in a tightly regulated and activity-dependent manner (Groc and Choquet, 2006; Kessels and Malinow, 2009 ). The number, synaptic location, and subunit composition of AMPA receptors potently regulate synaptic plasticity and strength (Henley et al., 2011) . GluA2 is the most abundant subunit of AMPA receptors in the adult brain and plays a critical role in synaptic plasticity and memory (Mead and Stephens, 2003; Migues et al., 2010) .
Protein kinase M (PKM) is a PKC isoform that contains a catalytic domain without the N-terminal regulatory domain, ren-dering it constitutively active (Sacktor et al., 1993 . It is expressed exclusively in the brain and is enriched in the hippocampus and neocortex (Hernandez et al., 2003; Oster et al., 2004; Crary et al., 2006) . PKM plays a role in maintenance of hippocampus-dependent memory (Hernandez et al., 2003; Pastalkova et al., 2006; Serrano et al., 2008; Hardt et al., 2010) and exerts its functions by blocking a GluA2-dependent pathway for removal of AMPA receptors from the postsynaptic site, thus promoting persistent GluA2 expression at the synapse . In contrast to many short-acting molecules involved in memory formation, PKM is unique in that its persistent activity is critical for storage of memory, long after its formation (Shema et al., 2009; Sacktor, 2011 ).
The present study tested the hypothesis that age-related recognition memory impairment in rhesus monkeys is coupled with changes in the subcellular distribution of GluA2 and/or PKM in DG axospinous synapses. We discovered an age-related decrease in synaptic GluA2 in dendritic spines coexpressing PKM, which correlated with recognition memory deficits.
Materials and Methods
Animals. Subjects comprised five young adult (mean Ϯ SEM; 9.72 Ϯ 0.20 years old) and 12 aged (mean Ϯ SEM; 29.52 Ϯ 1.26 years old) female rhesus monkeys (Macaca mulatta). The maximal lifespan of a rhesus monkey is 35-40 years of age, and the average life span of captive rhesus monkeys is Ͻ25 years (Tigges et al., 1988) . Although human age equivalence can be approximately estimated at 1:3, menopause in rhesus monkeys occurs by 27 years old, which is later in life relative to humans (Gilardi et al., 1997; Walker and Herndon, 2008) . Monkeys were housed at the California National Primate Research Center, University of California, Davis in colonies of ϳ40 individuals. None of the subjects received prior invasive or pharmacological manipulations expected to influence the cognitive or neurobiological measures examined here. Menses status was determined as described previously (Hara et al., 2011a (Hara et al., , 2012 and was confirmed by urine endocrine analysis for 12 of 17 monkeys. All experiments were conducted in compliance with the National Institutes of Health Guidelines for the Care and Use of Experimental Animals and approved by the Institutional Animal Care and Use Committee at the University of California, Davis.
DNMS test. DNMS, a well characterized visual recognition memory test, was conducted in a manual apparatus as described previously (Rapp and Amaral, 1991; Rapp et al., 2003) . Briefly, a monkey was presented with a sample object covering a food reward in the central well of the test tray. After the subject retrieved the reward, the delay period started during which an opaque barrier was lowered. After the delay interval, the sample item was presented together with a novel object, and the subject was rewarded for choosing the novel object. Throughout the trials, the experimenter was hidden from view behind a one-way mirror, and a white-noise generator masked extraneous sounds. During the acquisition phase, the retention interval was set at 10 s until monkeys learned the nonmatching rule of the task. Once monkeys reached a criterion of 90% correct or better at this delay interval (across 100 trials, 20 trials/d), recognition memory was challenged by imposing successively longer delay intervals of 15, 30, 60, 120 s (100 trials total at each delay, 20 trials/d), and 600 s (50 trials total, 5 trials/d) during which monkeys remained in the test chamber. Intertrial interval was 30 s throughout testing.
When perfusion could not be scheduled immediately after completion of behavioral testing, monkeys continued mock testing until the day before perfusion. There were no significant differences by age or menses status in the amount of time lapsed between the last day of DNMS testing and the perfusion date ( p Ͼ 0.05).
Perfusion and tissue processing for electron microscopy. Monkeys were deeply anesthetized with ketamine hydrochloride (25 mg/kg) and pentobarbital (20 -35 mg/kg, i.v.) , intubated, and mechanically ventilated. After 1.5 ml of 0.5% sodium nitrate was injected into the left ventricle of the heart, the descending aorta was clamped. Monkeys were perfused transcardially with cold 1% paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.2) for 2 min, followed by 4% paraformaldehyde in 0.1 M PB at 250 ml/min for 10 min. The flow rate was then reduced to 100 ml/min for 50 min. Following perfusion, the brain was dissected to include the entire right hippocampal region in a single block. The hippocampal block was postfixed for 6 h in 4% paraformaldehyde and 0.125% glutaraldehyde in 0.1 M PB, washed in 0.1 M PB, and cut into 400-m-thick sections on a vibratome (Leica). Freeze substitution and low-temperature embedding of the specimens were performed as described previously (Chaudhry et al., 1995) . Briefly, sections were cryoprotected by immersion in increasing concentrations of glycerol in 0.1 M PB, and then plunged in liquid propane cooled by liquid nitrogen in a Universal Cryofixation System KF80 (Reichert-Jung). Sections were then immersed in 1.5% uranyl acetate in anhydrous methanol (Ϫ90°C) for 24 h in a cryosubstitution Automatic Freeze-Substitution System unit (Leica). The temperature was raised 4°C/h from Ϫ90 to Ϫ45°C. The sections were washed with anhydrous methanol and infiltrated with increasing concentrations of Lowicryl HM20 resin (Electron Microscopy Sciences) for 1 h each, followed by 100% Lowicryl overnight. The resin was polymerized by UV light (360 nm) at Ϫ45°C for 48 h, followed by 24 h at room temperature. Eight or more consecutive ultrathin sections were cut into 90-nm-thick sections using a Diatome diamond knife (Electron Microscopy Sciences) and mounted on each formvar-supported slot grid (Electron Microscopy Sciences).
Antibodies. A well characterized mouse monoclonal antibody (6C4) raised against a fusion protein corresponding to the N-terminal portion (amino acids 175-430) of the AMPA receptor GluA2 subunit was used. This antibody has been extensively tested and shown to specifically recognize the GluA2 subunit by Western blot, radioimmunoassay, and immunocytochemistry on transfected cells (Vissavajjhala et al., 1996) . Furthermore, 6C4 has been used previously for electron microscopic immunocytochemistry (Vissavajjhala et al., 1996; He et al., 2000 He et al., , 2001 .
A rabbit polyclonal antiserum raised against a synthetic phosphopeptide (Ͻ20 aa) corresponding to residues surrounding Thr 410 of human PKC was obtained commercially (sc-12894R; Santa Cruz Biotechnology). This antiserum also recognizes phosphorylated PKC, the other atypical PKC that shares a nearly identical C terminus with PKC (Hernandez et al., 2003) . PKC, however, localizes to the cell body and nucleus (White et al., 2002) and is involved in organization of the Golgi apparatus (Tanabe et al., 2010) and microtubules (Tisdale, 2002) , both of which are absent in the dendritic spine. Although PKM immunolabeling is indistinguishable from PKC immunolabeling due to their identical amino acid sequence, PKM is expressed in the forebrain as the major form of in the near absence of PKC in rodents (Hernandez et al., 2003; Oster et al., 2004) and in humans (Crary et al., 2006) . Thus immunoreactivity of this antiserum in the hippocampus of rhesus monkeys is assumed to predominantly represent the presence of PKM. An antibody recognizing the phospho-protein was chosen, because phosphorylation at the Thr 410 residue reflects high constitutive kinase activity of PKM (Kelly et al., 2007; Sacktor, 2011) . Western blotting of 293T cells transfected with human PKC has shown that this antiserum recognizes a band corresponding to the molecular weight of PKC, which disappears with application of lambda protein phosphatase. Specificity of this antiserum was further confirmed in a peptide adsorption control experiment in which no immunogold labeling was observed.
Postembedding immunogold labeling. The sections were first treated with 0.1% sodium borohydride and 50 mM glycine to remove excess aldehydes, rinsed thoroughly with 0.3% saline/0.005 M Tris (TBS), and then incubated in TBS containing 6% human serum albumin (HSA; Sigma RBI) and 0.01% Tergitol, type NP-10 (Sigma RBI) for 30 min to block nonspecific binding of antisera. The sections were incubated overnight in a primary antibody solution consisting of anti-GluA2 (6C4; 2 g/ml), anti-PKC/M (sc-12894R; 0.8 g/ml) and 6% HSA in TBS. After thorough washes, the sections were blocked in 2% HSA in TBS. To localize GluA2, the sections were incubated for 2 h in a solution containing a 1:40 dilution of F(abЈ)2 fragment of goat-anti-mouse IgG conjugated to 10 nm gold particles (Electron Microscopy Sciences), 2% HSA, and 5 mg/ml polyethylene glycol in TBS. After thorough washes with TBS, PKM was localized by incubating the sections in a solution consisting of a 1:40 dilution of IgG F(abЈ)2 fragment of goat-anti-rabbit conjugated to mg/ml polyethylene glycol in TBS. Specificities of secondary antibodies were confirmed by an absence of gold particles when the primary antibodies were omitted. After the sections were thoroughly washed and dried, they were counterstained with 1% uranyl acetate for 45 min.
Quantitative analyses of GluA2 and PKM immunolabeling. Images were taken at 75 kV with a Hitachi H-7000 transmission electron microscope (Hitachi High Technologies America) equipped with an AMT Advantage CCD camera (Advanced Microscopy Techniques). On average, axospinous synapses in the DG outer molecular layer (OML) spanned 3.2 sections and perforated synapses spanned 5.0 sections (Hara et al., 2012) . Thus, 15 sets of 5 serial sections were captured at 20,000ϫ magnification in the DG OML for each monkey. Images were captured using a systematic random approach and taken only from areas well within the outer two thirds of the molecular layer thickness, where perforant path inputs from the entorhinal cortex terminate (Witter et al., 1989) . For each series, the third section was used as a reference section. All dendritic spines containing a postsynaptic density (PSD) on this reference section were marked and followed throughout the series for immunolabeling. At least 120 postsynaptic spines per animal and a total of 2178 spines were identified and included in the analyses. Each dendritic spine was first classified as unlabeled, GluA2 single-labeled, PKM single-labeled, or GluA2 and PKM double-labeled based on the presence or absence of 10 nm (GluA2) or 15 nm (PKM) gold particles. A dendritic spine was classified as being labeled when one or more gold particles were present anywhere in the spine or synaptic cleft. This criterion was chosen based on the high specificity of both antibodies and the almost complete lack of gold particles in peptide adsorption control experiments. For labeled spines, the immunogold particles were binned to five postsynaptic compartments using criteria similar to previous studies (He et al., 2000) . The synaptic bin included gold particles within the PSD and in the synaptic cleft. The subsynaptic bin consisted of the area directly beneath the PSD but within 60 nm from the postsynaptic membrane. The perisynaptic bin included labeling on the plasma membrane within 30 nm from the edges of the PSD and on adjacent sections to the last visible PSD. The plasmalemmal bin included gold particles within 30 nm from the plasma membrane, but outside of the synaptic and perisynaptic bins. The cytoplasmic bin included all gold particles in the spine head core at least 30 nm away from the plasma membrane and outside of the synaptic and subsynaptic bins. The PSD length and spine head diameter were measured for each labeled and unlabeled spine and from these measures, the PSD area and spine volume were derived. PSD area was calculated by summing the PSD lengths across all the sections that the PSD spanned (across the 5 serial sections) and multiplying that by the section thickness (90 nm). Estimates of spine volume were derived by calculating the volume of half of a sphere using the maximum spine head diameter as the sphere diameter. While this method is not as accurate as determining the spine volume by reconstructing the full extent and shape of the spine, the mean and frequency distribution of axospinous synapse size, which is tightly correlated with spine size (Harris and Stevens, 1989) , is unaltered with aging in the monkey DG (Hara et al., 2012) . Thus, this method of obtaining spine volume estimates is not likely to differentially bias cytoplasmic and total density measures across age groups. Perforated synapses were defined by a presence of at least a 25 nm discontinuity in the PSD in any of the five sections. The PSD length and area for perforated synapses were determined using the combined lengths of PSD segments. To control for possible variability in background labeling across age groups, images of DG granule cell nuclei were taken and the gold particles were counted. No differences in the number of nuclear gold particles were found across age groups ( p Ͼ 0.7). The electron micrographs were adjusted for brightness and sharpness with Adobe Photoshop (version CS5, Adobe Systems).
Statistical analyses. SPSS 11.0 (SPSS) was used for all statistical analyses. Parametric statistics were used to test for potential differences across groups as the behavioral and molecular data were not significantly different from a normal distribution ( p Ͼ 0.05, one-sample KolmogorovSmirnov test). One-way and repeated-measures ANOVA were used to determine whether DNMS acquisition (number of trials to criterion) and accuracy (at delay intervals of 15-600 s), respectively, were different across age groups. Multivariate ANOVA was used to determine whether neurobiological measures differed by age (young versus aged), molecular profile (unlabeled, single-labeled, and double-labeled), or synaptic morphology (nonperforated versus perforated). Observed power was determined in ANOVA to confirm that the sample size was sufficient to support the data. Because none of the measures were significantly different between the aged premenopausal and peri/postmenopausal groups, the results are collapsed into one aged group. Tukey's post hoc tests probed potential differences between groups while correcting for multiple comparisons. Pearson correlations were used to evaluate the relationships between densities of GluA2 and PKM in postsynaptic compartments and DNMS measures (acquisition and average accuracy). The correlation analyses were not corrected for multiple comparisons due to the limited sample size of rhesus monkeys and the risk for overcorrection. The number of significant correlations observed between DNMS measures and immunocytochemical data, however, greatly exceeded that predicted by chance and many of the correlations were significant within the aged group. All analyses were two-tailed and the ␣ level was set at 0.05 for statistical significance.
Results
Behavioral characterization DNMS data for most of the monkeys (13 of 17) included in the present study have been described in detail previously (Hara et al., 2012) . Aged monkeys (n ϭ 12; mean Ϯ SEM; 734.4 Ϯ 126.9) required significantly more trials than young females (n ϭ 5; mean Ϯ SEM; 136.6 Ϯ 34.3) to acquire the DNMS task with a 10 s delay (one-way ANOVA; main age effect; F (1,15) ϭ 8.805; p ϭ 0.010; observed power ϭ 0.792). When memory demand was increased with longer delay intervals (15-600 s), a repeatedmeasures ANOVA revealed main effects of age and delay, but no age by delay interaction (main age effect, F (1,15) ϭ 16.658, p ϭ 0.001, observed power ϭ 0.968; delay effect, F (4,60) ϭ 46.375, p ϭ 1.04ϫE Ϫ17 , observed power ϭ 1.000; age by delay interaction, p ϭ 0.941; Figure 1 ). Although the age by delay interaction was not significant in this cohort, prior studies and population data from these animals reveal that the memory deficit is strongly dependent on delay such that aged subjects perform comparably to young subjects at short delay intervals but perform significantly worse on longer delays (Rapp and Amaral, 1991; Shamy et al., 2006) . In this cohort, no age effect was observed in the acquisition rate for the delayed response task at 0 s, a task that demands no memory components (F (1,15) ϭ 0.132; p ϭ 0.722; data not shown). Thus, the lower DNMS accuracy scores of the aged monkeys most likely reflect a true memory deficit and not a lack of motivation. Expression and subcellular distribution of GluA2 and PKM in the monkey DG The electron microscopic immunolabeling of GluA2 in the monkey DG OML was qualitatively similar to that previously reported in rat hippocampus and monkey cortex (He et al., 2000 (He et al., , 2001 . For PKM localization, an antiserum recognizing the phosphoprotein was chosen, because phosphorylation at the Thr 410 residue reflects increased constitutive kinase activity of PKM (Kelly et al., 2007; Sacktor, 2011) . This antiserum was carefully characterized and shown to specifically recognize PKM (see Materials and Methods, Antibodies). PKM immunolabeling could not be distinguished from PKC immunolabeling due to their shared amino acid sequence. However, PKM is expressed in the forebrain as the major form of in the near absence of the full-length PKC (Hernandez et al., 2003; Oster et al., 2004; Crary et al., 2006) . Thus, observed immunoreactivity is presumed to predominantly represent the presence of active PKM.
The majority of OML dendritic spines contained GluA2 (mean Ϯ SEM; young ϭ 68.49 Ϯ 6.44%; aged ϭ 62.10 Ϯ 3.27%) and approximately half were PKM-positive (young ϭ 57.66 Ϯ 5.12%; aged ϭ 51.71 Ϯ 2.79%). Perforated synapses are large synapses that are strongly implicated in memory-related plasticity (Geinisman et al., 1986; Toni et al., 2001; Hara et al., 2012) . When perforated synapse spines were examined separately, almost all of them contained GluA2 (218/228 ϭ 95.6%) or PKM (201/228 ϭ 88.1%) and a great majority contained both (192/ 228 ϭ 84.2%). We first evaluated whether the incidence of GluA2 or PKM in OML spines differed between young and aged monkeys. Multivariate ANOVA showed no effect of age on the proportions of unlabeled ( p ϭ 0.525), GluA2 single-labeled ( p ϭ 0.702), PKM single-labeled ( p ϭ 0.419), or GluA2 and PKM doublelabeled spines ( p ϭ 0.298; Fig. 2 A) . ANOVA also failed to show a significant age effect when this analysis was confined to perforated synapse spines (unlabeled, p ϭ 0.125; GluA2 single-labeled, p ϭ 0.452; PKM single-labeled, p ϭ 0.512; GluA2 and PKM double-labeled, p ϭ 0.823; Fig. 2 B) .
Spine and synapse size are of significance, because thin spines with small synapses have high motility, plasticity, and turnover rate, and are hypothesized to be important for learning (Kasai et al., 2003; Holtmaat et al., 2005; Dumitriu et al., 2010) . In contrast, large mushroom spines contain strong, stable synapses enriched with AMPA receptors and are implicated in memory (Nusser et al., 1998; Kasai et al., 2003) . ANOVA revealed significant effects of synaptic morphology and molecular profile on synapse size, as measured by PSD area, but no effect of age (perforated Ͼ nonperforated, F (1, 2174) ϭ 116.685, p ϭ 1.58 ϫ 10 Ϫ26 , observed power ϭ 1.000; molecular profile effect, F (3, 2174) ϭ 18.34, p ϭ 9.43 ϫ 10 Ϫ12 , observed power ϭ 1.000; age effect, p ϭ 0.723; Fig.  2C ). Tukey's post hoc tests confirmed that GluA2 and PKM double-labeled spines had significantly larger synapses (0.0594 Ϯ 0.001 m 2 ) than GluA2 single-(0.0377 Ϯ 0.001 m 2 ; p ϭ 7.0 ϫ 10 Ϫ13 ), PKM single-(0.0350 Ϯ 0.001 m 2 ; p ϭ 7.0 ϫ 10 Ϫ13 ), and unlabeled spines (0.0252 Ϯ 0.0006 m 2 ; p ϭ 7.0 ϫ 10 Ϫ13 ). Tukey's post hoc test also showed that unlabeled spines had significantly smaller synapses than GluA2 single-( p ϭ 7.0 ϫ 10 Ϫ13 ), PKM single-( p ϭ 6.46 ϫ 10 Ϫ10 ), and GluA2 and PKM doublelabeled spines ( p ϭ 7.0 ϫ 10 Ϫ13 ). To examine the subcellular distribution of GluA2 and PKM, each immunogold particle was assigned to one of five postsynaptic bins on the basis of its localization: synaptic (including the PSD and synaptic cleft), subsynaptic, perisynaptic, plasmalemmal, and cytoplasmic (Fig. 3A-C) . In both young and aged monkeys, GluA2 immunogold particles were most abundant in the spine head cytoplasm, presumably reflecting a reserve pool of AMPA receptors or those that have been internalized for recycling or degradation (Fig. 3D) . GluA2 immunogold particles were also enriched in the synaptic bin, positioned to contribute to the formation of functional AMPA receptors (Fig. 3D) . PKM immunogold particles were present predominantly in the synaptic bin (Fig. 3E) , consistent with its role in regulating the distribution of synaptic proteins such as PSD-95 and GluA2 Shao et al., 2011) .
Age-related differences in GluA2 labeling in spines coexpressing PKM
We next determined whether the subcellular distribution of GluA2 and PKM is altered with aging. Because the number of gold particles in a postsynaptic bin was confounded with synaptic and spine size, the densities of gold particles within each bin and their total were calculated as a function of PSD area and estimated spine volume. Multivariate ANOVA showed a significant main Figure 2 . The molecular profiles of monkey DG OML dendritic spines by age groups. A, The percentages of dendritic spines that were unlabeled, GluA2 single-labeled, PKM singlelabeled, and GluA2 and PKM double-labeled are plotted by age group. B, The vast majority of perforated synapse spines contained both GluA2 and PKM, regardless of age. C, Independent of age, double-labeled spines had significantly larger synapses, as measured by PSD area, than unlabeled and single-labeled spines. Group results are expressed as mean Ϯ SEM. Young, n ϭ 5; aged, n ϭ 12.
effect of age on the density of synaptic GluA2 immunogold particles (per 0.1 m 2 of PSD area) in double-labeled spines but not in singlelabeled spines (double-labeled, F (1,15) ϭ 4.865, p ϭ 0.043, observed power ϭ 0.541; single-labeled, p ϭ 0.306; Fig. 4A ). The densities of GluA2 immunogold in other postsynaptic bins were not significantly different across age groups (multivariate ANOVA; p Ͼ 0.05). However, ANOVA revealed significant main effects of age on the density of total GluA2 gold particles in both single-and doublelabeled spines (single-labeled, F (1,15) ϭ 16.806, p ϭ 0.001, observed power ϭ 0.969; double-labeled, F (1,15) ϭ 7.267, p ϭ 0.017, observed power ϭ 0.712; Figure 4B ). In single-and double-labeled spines, PKM densities within each postsynaptic bin, and the total density per spine were not significantly different across age groups (multivariate ANOVA; p Ͼ 0.05). In double-labeled spines, however, the average density of PKM in the synaptic bin (per 0.1 m 2 of PSD area) correlated with that of GluA2 (Pearson correlation; n ϭ 17; r ϭ 0.490; p ϭ 0.046; Fig. 4C ), consistent with PKM's involvement in promoting delivery of GluA2-containing AMPA receptors to synaptic sites (Yao et al., 2008; Migues et al., 2010) . Also in double-labeled spines, the average density of total PKM immunogold particles (per 0.1 m 3 of dendritic spine volume) correlated with that of GluA2 (Pearson correlation; n ϭ 17; r ϭ 0.707; p ϭ 0.001; Fig. 4D ).
Relationships between GluA2 and PKM expression and cognitive function
Bivariate correlation analysis evaluated potential relationships between recognition memory in young and aged monkeys and DG GluA2 and PKM expression. Due to the limited sample size of rhesus monkeys and the risk for overcorrection, the analysis was not corrected for multiple comparisons. However, the num- ber of significant correlations observed (15) significantly exceeded that predicted by chance (2.6).
We first examined the relationship between DNMS acquisition (the number of trials to reach the criterion of 90% accuracy with a 10 s delay) and the expression of GluA2 and PKM. A significant inverse correlation emerged between acquisition and the percentage of GluA2 and PKM double-labeled spines, such that monkeys with more double-labeled spines learned the task faster (Pearson correlation; n ϭ 17; r ϭ Ϫ0.492; p ϭ 0.045; Fig.  5A ). In double-labeled spines, the densities of cytoplasmic (per 0.1 m 3 of dendritic spine volume), plasmalemmal (per 0.1 m 2 of dendritic spine surface area), and total GluA2 immunogold particles (per 0.1 m 3 of dendritic spine volume; Fig. 5B ) were inversely correlated with DNMS acquisition (n ϭ 17; cytoplasmic, r ϭ Ϫ0.567, p ϭ 0.018; plasmalemmal, r ϭ Ϫ0.502, p ϭ 0.040; total, r ϭ Ϫ0.623, p ϭ 0.008). Similarly, the densities of synaptic (per 0.1 m 2 of PSD area; Fig. 5C ), cytoplasmic (per 0.1 m 3 of dendritic spine volume), and total PKM immunogold particles (per 0.1 m 3 of dendritic spine volume; Fig. 5D ) also inversely correlated with task acquisition in double-labeled spines (n ϭ 17; synaptic, r ϭ Ϫ0.663, p ϭ 0.004; cytoplasmic, r ϭ Ϫ0.502, p ϭ 0.040; total, r ϭ Ϫ0.613, p ϭ 0.009). These correlations between PKM densities and DNMS acquisition were also significant when the analysis was confined to aged animals (Pearson correlation, n ϭ 12; synaptic, r ϭ Ϫ0.672, p ϭ 0.017; cytoplasmic, r ϭ Ϫ0.706, p ϭ 0.010; total, r ϭ Ϫ0.682, p ϭ 0.015), but were not significant in the young group ( p Ͼ 0.05 for all). In contrast to the results in double-labeled spines, the densities of GluA2 and PKM in postsynaptic bins of single-labeled spines failed to correlate with DNMS acquisition ( p Ͼ 0.05).
We next examined possible relationships between GluA2 and PKM distributions and the integrity of recognition memory, measured as DNMS delay accuracy averaged across increasing retention intervals (15-600 s). Pearson correlation revealed that memory scores for DNMS inversely correlated with the percentage of unlabeled spines (Fig. 6 A) and positively correlated with the percentage of double-labeled spines (Fig. 6 B; n ϭ 17; unlabeled, r ϭ Ϫ0.505, p ϭ 0.039; double-labeled, r ϭ 0.545, p ϭ 0.024). The latter correlation was also significant among the aged monkeys considered separately (n ϭ 12; r ϭ 0.606, p ϭ 0.037), but was not significant in the young group ( p Ͼ 0.05). This suggests a direct relationship between the synaptic representation of these key plasticity molecules and the effects of aging on hippocampal memory. In double-labeled spines, the density of synaptic GluA2 immunogold particles (per 0.1 m 2 of PSD area) correlated with DNMS delay performance (n ϭ 17; r ϭ 0.702; p ϭ 0.002; Fig. 6C ), and this correlation was significant in both nonperforated (n ϭ 17; r ϭ 0.629; p ϭ 0.007) and perforated synapses (n ϭ 17; r ϭ 0.636; p ϭ 0.006). Additionally, the density of cytoplasmic GluA2 (per 0.1 m 3 of dendritic spine volume) in double-labeled spines positively correlated with DNMS accuracy (n ϭ 17; r ϭ 0.496; p ϭ 0.043). Also in double-labeled spines, the densities of synaptic (per 0.1 m 2 of PSD area) and total (per 0.1 m 3 of dendritic spine volume) PKM immunogold particles positively correlated with recognition accuracy (n ϭ 17; synaptic, r ϭ 0.509, p ϭ 0.037; total, r ϭ 0.514, p ϭ 0.035). Notably, the correlation between synaptic PKM and memory performance was driven predominantly by perforated synapses (n ϭ 17; r ϭ 0.558; p ϭ 0.020; Fig. 6D ) as the correlation failed to reach significance in nonperforated synapses (synaptic PKM in nonperforated synapses; p ϭ 0.059). This correlation in double-labeled perforated synapses was also significant among the aged group (n ϭ 12; r ϭ 0.759; p ϭ 0.004), but not among the young group (p Ͼ 0.05).
In single-labeled spines, the densities (per 0.1 m 3 of dendritic spine volume) of total GluA2 and total PKM positively correlated with DNMS average accuracy (n ϭ 17; total GluA2, r ϭ 0.648; p ϭ 0.005; total PKM, r ϭ 0.659; p ϭ 0.004). No correlations were found between DNMS accuracy and the densities of GluA2 or PKM in any of the postsynaptic bins of singlelabeled spines ( p Ͼ 0.05).
Discussion
The present report provides the first demonstration of synaptic molecular correlates of aging and recognition memory decline in a nonhuman primate model (summarized in Fig. 7) . Our results highlight postsynaptic spines expressing both GluA2 and PKM as a class of spines that may be important in memory. Within this population of double-labeled spines, we found an age-related decrease in synaptic GluA2 that correlated with recognition memory scores. Furthermore, synaptic expression of PKM in double-labeled spines was coupled with both task acquisition and DNMS delay performance. Together, our findings shed light on key synaptic variables in the primate hippocampus that appear positioned to regulate the cognitive outcome of aging.
Rhesus monkeys are vulnerable to age-related hippocampal dysfunction and recognition memory deficits in a manner similar to humans (Presty et al., 1987; Moss et al., 1988; Rapp and Amaral, 1991) ; however, some aged monkeys are relatively resistant to memory decline and exhibit cognitive abilities similar to those of young adults (Rapp and Amaral, 1991) . Because rhesus monkeys do not develop Alzheimer's disease (Gearing et al., 1996; Sloane et al., 1997; Peters et al., 1999; Kimura et al., 2003) , the effects of aging can be examined without the confounding factors inherent to neurodegenerative disorders. Thus, this nonhuman primate model has proved useful for exploring neurobiological parameters that are coupled to individual differences in age-related cognitive decline (Dumitriu et al., 2010; Hara et al., 2011a Hara et al., , 2012 . In this study, the DG was targeted because the perforant path input to the DG is a well defined projection that is altered with aging (Flood et al., 1987; Cabalka et al., 1992; Morrison and Hof, 1997; Yassa et al., 2010) , and energy metabolism in the DG correlates with recognition memory (Small et al., 2004) . In the absence of agerelated changes in synaptic density or size in the monkey DG (Hara et al., 2012) , we examined the synaptic distributions of two key proteins that are highly implicated in memory: GluA2 and PKM (Mead and Stephens, 2003; Migues et al., 2010; Sacktor, 2011) .
While the distribution of GluA2 has been reported previously (Vissavajjhala et al., 1996; He et al., 2000) , this is the first study documenting the precise subcellular locations of PKC/M, presumed to be predominantly PKM in the monkey hippocampus (Hernandez et al., 2003; Oster et al., 2004; Crary et al., 2006) . While many short-acting molecules have been implicated in memory formation (i.e., CaMKII, MAPK, CREB, etc.), PKM is unique in its enduring requirement for memory maintenance (Sacktor, 2011) , and its effects can persist for months, if not longer (Shema et al., 2009 ). Similar to many other active forms of kinases such as Akt and LIM kinase (Yildirim et al., 2008 (Yildirim et al., , 2011 , the phosphorylated form of PKM was present predominantly in the PSD. In dendritic spines coexpressing PKM and GluA2, their densities in the synaptic bin correlated with each other. Together, our findings are consistent with PKM's role in promoting synaptic delivery and retention of GluA2-containing AMPA receptors (Yao et al., 2008; Migues et al., 2010) and suggest that PKM may exert this role at the PSD.
The GluA2 and PKM double-labeled spines had synapses that were on average 60% larger than those of GluA2 single-and PKM single-labeled spines, and more than twice the size of unlabeled spine synapses, regardless of age. Furthermore, the great majority of perforated synapse spines (84.2%) contained both GluA2 and PKM. Perforated synapses are large synapses proposed to be a structural correlate of enhanced synaptic efficacy and are strongly implicated in memory-related plasticity (Geinisman et al., 1986; Toni et al., 2001) . The percentage of spines that were double-labeled in the DG OML correlated with the subject's task acquisition and memory performance on the DNMS. Thus, consistent with previous work in the DG (Hara et al., 2012) , large mushroom spines with perforated synapses appear to be the class of spines important for recognition memory. Accordingly, DNMS accuracy in individual monkeys inversely correlated with the percentage of unlabeled spines, which were the smallest class of spines. The critical synaptic subtypes coupled with cognitive decline appear to be different across brain regions and dependent on the types of cognitive function (Hara et al., 2011b) . For example, our findings in the DG are in striking contrast to a study in area 46 of the dorsolateral prefrontal cortex, which showed that the smallest of the thin spines, characterized by high plasticity and turnover rate (Kasai et al., 2003; Holtmaat et al., 2005) , were associated with task learning and were the most vulnerable to aging (Dumitriu et al., 2010) .
One of the key age-related differences observed was the decreased density of synaptic GluA2 in double-labeled spines, a measure that correlated with accuracy across increasing delays on DNMS. This finding is compatible with a study in the rat amygdala showing a Figure 7 . Schematic diagrams illustrating GluA2 and PKM distributions and densities in relation to aging, learning, and memory. GluA2 and PKM double-labeled spines (shown above the dendrite) had larger PSDs (gray line) than GluA2 single-and PKM single-labeled spines (shown below the dendrite), regardless of age. A, Compared with young adults, aged monkeys had decreased densities of synaptic GluA2 in double-labeled spines. Aged monkeys also had a lower density of total GluA2 in double-and single-labeled spines. B, Fast DNMS task acquisition was associated with high densities of cytoplasmic, plasmalemmal, and total GluA2; and high densities of synaptic, cytoplasmic, and total PKM in double-labeled spines. C, DNMS delay accuracy was positively associated with densities of synaptic GluA2 and PKM in double-labeled perforated synapse (broken gray line) spines. Densities of cytoplasmic GluA2 and total PKM in double-labeled spines also correlated with DNMS accuracy. In single-labeled spines, densities of total GluA2 and total PKM correlated with DNMS accuracy.
strong correlation between fear memory and GluA2 protein expression in PSD fractions . While the decrease in synaptic GluA2 may be a consequence, instead of a cause, of memory decline, this possibility is unlikely as memory loss can be prevented by blocking GluA2 endocytosis .
Aged monkeys also exhibited a lower overall density of GluA2 in dendritic spines, even though the spine size and morphology were equivalent to young. A previous confocal microscopic study found no effect of age on gross GluA2/3 protein levels in the monkey DG OML . The electron microscopic methods used in this current study, however, extend this work by providing subunit specificity and subcellular resolution as well as morphological and molecular characteristics of individual axospinous synapses. Compared with aged monkeys, young adults had more GluA2 not only within the synapse but also in the reserve pool, suggesting greater GluA2-containing AMPA receptor availability for mobilization and insertion into the synapse upon stimulation. Young monkeys may simply have more GluA2 mRNA in the DG than aged subjects, similar to findings in rat models of aging (Pagliusi et al., 1994) . Alternatively, GluA2-containing AMPA receptors in young animals may be more effectively recycled than in aged animals and/or degraded at a lower rate by lysosomes; both of these possibilities would result in a higher total level of GluA2 in the postsynaptic spine. Interaction of N-ethylmaleimide-sensitive fusion protein (NSF) with GluA2 disrupts the interaction of GluA2 with proteins that are critical for receptor internalization, such as PICK1 and AP2 (Man et al., 2000; Hanley et al., 2002) , and may prevent internalization and lysosomal degradation of AMPA receptors (Noel et al., 1999; Lee et al., 2004) . PKM may act through the NSF/GluA2 interaction to prevent the removal of AMPA receptors from synaptic sites and to maintain constitutive recycling of receptors (Yao et al., 2008; Migues et al., 2010) . In accordance with this possibility, the densities of synaptic and total PKM in double-labeled spines correlated with those of GluA2.
The correlations observed between PKM levels and cognitive performance are particularly intriguing. While the densities of PKM immunogold particles in individual bins failed to differ reliably across age groups, synaptic, cytoplasmic, and total densities of PKM in double-labeled spines significantly correlated with DNMS task acquisition such that monkeys with higher PKM densities learned the task faster. PKM abundance in the spine synapse and cytoplasm likely increases the capacity and speed of incorporating GluA2-containing AMPA receptors into the synapse (Yao et al., 2008; Migues et al., 2010) and, in turn, may enhance the rate at which the monkeys acquire the DNMS nonmatching rule. Consistent with this interpretation, in double-labeled spines, densities of plasmalemmal, cytoplasmic, and total GluA2, all of which likely reflect the reserve pool or those in transit to and from the synapse, also correlated with DNMS acquisition.
PKM levels were also coupled with recognition memory, in agreement with studies demonstrating a significant role of PKM in memory storage (Pastalkova et al., 2006; Sacktor, 2011) . In doublelabeled spines, the densities of total and synaptic PKM immunogold particles correlated with DNMS average accuracy and the latter correlation was driven mainly by perforated synapses. The density of synaptic GluA2 also correlated with DNMS accuracy, although this correlation was not limited to perforated synapses. Our results are in line with previous work in the monkey DG demonstrating that perforated synapse densities correlate with recognition memory (Hara et al., 2011a (Hara et al., , 2012 . Our data also suggest that in the primate hippocampus, perforated synapses may be one of the key locations in which PKM exerts its effect on memory.
In summary, aged monkeys compared with young have a decreased density of synaptic GluA2 in large dendritic spines coexpressing PKM, and this decrease correlates with impaired recognition memory. Synaptic PKM may promote continued delivery of GluA2-containing AMPA receptors to the synapse and protect aged individuals from recognition memory decline. While the causal relationship cannot be definitively resolved from the current study, this interpretation is consistent with a report showing enhancement of long-term memory by PKM overexpression (Shema et al., 2011) . These potential mechanisms of memory preservation in the aging population present an attractive target for treating cognitive decline.
